Regulation of SMN2 exon 7 splicing is crucial for the production of active SMN protein and the survival of Spinal Muscular Atrophy (SMA) patients. One of the most efficient activators of exon 7 inclusion is hn-RNP G, which is recruited to the exon by Tra2-␤1. We report that in addition to the C-terminal region of hnRNP G, the RNA Recognition Motif (RRM) and the middle part of the protein containing the ArgGly-Gly (RGG) box are important for this function. To better understand the mode of action of hnRNP G in this context we determined the structure of its RRM bound to an SMN2 derived RNA. The RRM interacts with a 5 -AAN-3 motif and specifically recognizes the two consecutive adenines. By testing the effect of mutations in hnRNP G RRM and in its putative binding sites on the splicing of SMN2 exon 7, we show that it specifically binds to exon 7. This interaction is required for hnRNP G splicing activity and we propose its recruitment to a polyA tract located upstream of the Tra2-␤1 binding site. Finally, our data suggest that hnRNP G plays a major role in the recruitment of the Tra2-␤1/hnRNP G/SRSF9 trimeric complex to SMN2 exon 7.
INTRODUCTION
Spinal Muscular Atrophy (SMA) is an inherited disease characterized by degeneration of the spinal cord ␣-motor neurons, which results in a system-wide muscle wasting (1) . SMA is considered one of the most frequent genetic causes of infantile death with an incidence rate of 1 in 6000 (2, 3) . It is caused by the genetic homozygous inactivation of Survival of Motor Neuron-1 (SMN1) gene (4) . In humans, another copy of the SMN gene (SMN2) is present, which is nearly identical to SMN1 with only five nucleotide substitutions including a silent cytosine to thymine (C to T) mutation at position +6 of exon 7 (5) . This point mutation inactivates an Exonic Splicing Enhancer (ESE) resulting in exon 7 skipping in most SMN2 transcripts (6, 7) . This splicing isoform encodes an unstable truncated form of the SMN protein (8) . Consequently, the amount of functional SMN proteins produced from SMN2 gene is not sufficient to compensate for the absence of SMN1 gene expression and maintain functional motor neurons (8, 9) . Importantly, all SMA patients have at least one intact copy of the SMN2 gene in their genome (3, 5) . Acting on the splicing regulation of SMN2 to favor the inclusion of exon 7 is therefore a promising strategy to increase the cellular level of functional SMN proteins and develop a treatment for SMA patients (1, (10) (11) .
Several positive and negative regulators of SMN2 exon 7 splicing have been identified (1) . One of the most efficient activators of exon 7 inclusion is the protein hnRNP G (12) . It was proposed that hnRNP G is recruited to the SMN2 pre-mRNA by its interaction with another splicing factor named Tra2-␤1 (12) (13) (14) . The structure of Tra2-␤1 RRM bound to RNA was recently determined by NMR showing that this factor recognizes specifically a 5 -AGAA-3 motif within an ESE located at position +21 of exon 7 (14, 15) . Both proteins act in synergy and can activate exon 7 inclusion to up to 80% when overexpressed simultaneously, a level that could not be reached when each protein was overexpressed separately (12, 16) . Understanding the mode of interaction of this heterodimer with RNA at the molecular level would then facilitate the development of therapeutic methods that stabilize its binding to exon 7. HnRNP G belongs to the heterogeneous nuclear ribonucleoproteins family and is encoded by the RBMX gene located on the X chromosome (17) . Although this protein is ubiquitously expressed (18, 19) its expression level is variable and tissue-dependent (20) . hnRNP G has multiple functions. In addition to SMN2, it regulates the splicing of dystrophin, ␣ s -tropomyosin (20) , and Tau pre-mRNAs (21, 22) . Moreover, hnRNP G was shown to be involved in the transcription regulation of SREBP-1c (23, 24) and GnRH1 (25) . Several reports have also linked hnRNP G to cancer as it suppresses tumor growth at least in part by up-regulating the transcription of the tumor suppressor Txnip (26, 27) or by modulating apoptosis (28) . Other functions of hnRNP G also include the regulation of the neural development of frog (29) and zebrafish embryos (30) and the extracellular release of TNFR1, a receptor mediating the inflammatory actions of TNF (31) . Finally, it was reported that hnRNP G is a regulator of sister chromatids cohesion (32) and that its expression is enhanced by p53 in response to DNA damage (33, 34) .
HnRNP G is composed of an N-terminal canonical RNA Recognition Motif (RRM) followed by a succession of motifs, namely an RGG box with three Arg-Gly-Gly repeats (17) , a Nascent Targeting Domain (NTD) and a C-Terminal Domain (CTD) containing a SRGY box, Arg-Ser (RS) repeats (35) and a second RNA binding site (C-RBD) (36) ( Figure 1A) . Although the C-RBD part of the CTD was proposed to bind a 5 -GGAAA-3 capped stem-loop (36) , the RRM is believed to be primarily responsible for the binding of hnRNP G to RNA (37) . In the context of SMN2 exon 7 splicing regulation the CTD was reported to interact with Tra2-␤1 (12) . To date, the specificity of RNA recognition by hnRNP G RRM remains elusive. This domain shares 88% sequence similarity with the RRM of its paralogue in testis RBMY. The structure of RBMY RRM bound to RNA was determined and showed that it interacts specifically with 5 -CAA-3 capped RNA stem-loops (38) . Most residues involved in RNA recognition are conserved in hnRNP G suggesting that the protein could also recognize 5 -CAA-3 containing sequences. However, Systematic Evolution of Ligands by Exponential Enrichment (SELEX) experiments conducted with hnRNP G showed that its RRM binds single-stranded 5 -CCA-3 or 5 -CCC-3 containing sequences (37) . Finally, another study suggested that hnRNP G could bind to a 5 -AAGU-3 motif (20) . These contradictory data prevent the prediction of putative binding sites for this protein and the correct understanding of its functions in cells.
In this study, we determined the structure of hnRNP G RRM bound to RNA using NMR. The structure revealed that this domain specifically recognizes two consecutive adenines. This allowed us to identify a putative binding site for this protein on SMN2 and to propose a model in which hnRNP G binds specifically to exon 7 upstream of the Tra2-␤1 binding site. Finally, we identified the regions of hnRNP G that are required for its activity as a regulator of SMN2 exon 7 splicing.
MATERIALS AND METHODS

Expression and purification of the recombinant proteins
Escherichia coli BL21 (DE3) codon plus cells transformed with pET28a::hnRNP G RRM (residues 1-95), pET24b::GB1-hnRNP G RRM + RGG (residues 1-127) or pET28a::Tra2-␤1 RRM (residues 106-201) (14) were grown at 37
• C in M9 minimal medium supplemented with 50 g/ml kanamycin, 50 g/ml chloramphenicol, 1 g/l 15 NH 4 Cl and 4 g/l unlabeled or 2 g/l 13 C labeled glucose for 15 N or 15 N and 13 C labeled proteins, respectively. Proteins were purified by two successive nickel affinity chromatography (Qiagen R ) steps, as previously described (14), dialyzed against the hnRNP G NMR buffer (50 mM NaCl, 20 mM NaH 2 PO 4 , pH 5.5) or the Tra2-␤1 NMR buffer (50 mM L-Arg, 50 mM L-Glu, 0.05% ␤-mercaptoethanol, 20 mM NaH 2 PO 4 pH 5.5) (14) for hnRNP G and Tra2-␤1 recombinant proteins, respectively. Concentration of recombinant proteins was carried out using 10-kDa molecular mass cutoff Centricons (Vivascience R ). The absence of RNases was confirmed using the RNase Alert Lab Kit (Ambion R ). ORF encoding full-length hnRNP G and Tra2-␤1 were cloned in pFX::SUMO vector (39) and expressed in MC1061 E. coli strain. The cells were grown in LB and induced at 18
• C with 0.1 g of arabinose/l of culture. The insoluble fraction of lysed cells was dissolved in 6 M urea and the unfolded proteins were purified using Ni-NTA column (Qiagen R ). The purified proteins were refolded by rapid dilution (20×) in the refolding buffer (880 mM L-arginine, 21 mM NaCl, 0.88 mM KCl, 55 mM Tris, pH 8.2) and subsequently dialyzed in the gel shift buffer (200 mM L-Arg, 200 mM L-Glu, 0.05% ␤-mercaptoethanol, 20 mM Na 2 HPO 4 pH 7). The proteins were then concentrated and used for gel shift experiments.
Preparation of RNA-protein complexes
All RNA oligonucleotides were purchased from Dharmacon R , de-protected according to manufacturer's instructions, lyophilized and resuspended in the corresponding NMR buffer. The 5 -GAGACAAAAUCAAAAAGAAG-3 RNA was transcribed in vitro, purified by HPLC and resuspended in the Tra2-␤1 NMR buffer.
The hnRNP G RRM-RNA complex was prepared in the hnRNP G NMR buffer at a protein:RNA stoichiometric ratio of 1:1 in a final volume of 250 l and at a final concentration of 1 mM.
The NMR titrations performed with hnRNP G RRM were done in the hnRNP G NMR buffer (Supplementary Figures S4 and S5) , while those performed in the presence of hnRNP G and Tra2-␤1 RRMs ( Figure 4 and Supplementary Figure S6A ) or hnRNP G RRM + RGG (Supplementary Figure S7) were done in the Tra2-␤1 NMR buffer with RNA and protein concentrations of 0.2 mM. In Figures 4 and S6A, increasing amounts of 15 N-labeled Tra2-␤1 or hnRNP G RRMs were first added to the 5 -UCAAAAAGAAG-3 or 5 -GAGACAAAAUCAAAAAGAAG-3 RNA. After reaching saturation at stoichiometric ratio of 1:1, 15 N-labeled hn-RNP G RRM was added in a stepwise manner to the Tra2-␤1/RRM complex until a final stoichiometric ratio of the three components of 1:1:1.
NMR experiments
All the NMR spectra were recorded in the hnRNP G NMR buffer except titrations with Tra2-␤1 RRM, which were recorded in the Tra2-␤1 NMR buffer. Experiments were recorded at 313 K using Bruker AVIII-500 MHz, 600 MHz, 700 MHz, Avance-900 MHz equipped with a cryoprobe, and AVIII-750 MHz spectrometers. Topspin 2.1 (Bruker R ) was used for data processing and Sparky (http://www.cgl. ucsf.edu/home/sparky/) for data analysis.
Protein backbone assignment was achieved using 2D 1 H-15 N HSQC, 3D HNCA, 3D CBCACONH and 3D HN-CACB, while side chain assignments were achieved using 2D 1 H- 13 All NOESY spectra were recorded with a mixing time of 150 ms, the 3D TOCSY spectrum with a mixing time of 17.75 ms and the 2D TOCSY with a mixing time of 60 ms.
Structure calculation and refinement
AtnosCandid software (43, 44) was used to generate preliminary structures and a list of automatically assigned NOE distance constraints for hnRNP G RRM in complex with RNA. Peak picking and NOE assignments were performed using 3D NOESY ( 15 N-and 13 C-edited) spectra. Additionally, intra-protein hydrogen bond constraints were based on hydrogen-deuterium exchange experiments on the amide protons. For these hydrogen bonds, the oxygen acceptors were identified based on preliminary structures calculated without hydrogen bond constraints. Protein dihedral angle constraints were generated by TALOS (45) .
Seven iterations were performed and 80 independent structures were calculated at each iteration step. Structures of the protein-RNA complexes were calculated with CYANA (43) by adding the manually assigned intramolecular RNA and RNA-protein intermolecular distance restraints. For each cyana run, 50 independent structures were calculated. These 50 structures were refined with the SANDER module of AMBER 9.0 (46) by simulated annealing in implicit water using the ff99SB protein force field (47) . The 20 best structures based on energy and NOE violations were analyzed with PROCHECK (48) . Figures were generated with MOLMOL (49).
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were performed on a VP-ITC instrument (Microcal R ). The calorimeter was calibrated according to the manufacturer's instructions. Concentrations of proteins and RNAs were determined using optical density absorbance at 280 and 260 nm, respectively. Twenty micromolars of all the tested RNAs were titrated with 400 M of hnRNP G RRM variants. Both protein and RNA were in the same NMR buffer. The injection protocol used was 40 injections of 6 l every 5 min. All measurements were done at 40
• C. Raw data were integrated and normalized for the molar concentration. After subtraction of the reference data recorded in the absence of RNA (Supplementary Figure S3B) , the resulting integrated data were analyzed using the Origin 7.0 software according to a 1:1 RNA:protein ratio binding model.
Cell culture and plasmids
HEK293 (human embryonic kidney) cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine albumin (FBS). The pCI-SMN2 plasmid containing the SMN2 minigene was previously described (16) . The human hnRNP G ORF was amplified by PCR and cloned in pcDNA3.1 mammalian expression vector with an N-terminal FLAG tag (pcFLAG) to generate the pcFLAG-hnRNP G plasmid. The hnRNP G RRM (90-391), c57 (1-334), 95-184 (1-95 fused to 184-391), 95-235 (1-95 fused to 235-391), and 95-250 (1-95 fused to 250-391) were amplified by PCR using pcFLAG-hnRNP G as a matrix and subsequently cloned in the pcFLAG vector. SMN2 and hnRNP G mutants were created by site-directed mutagenesis using specific primers.
In vivo splicing assay
One microgram of pCI-SMN2 [wild-type (WT) or mutant] was co-transfected with 1 g of pcFLAG-hnRNP G (WT or mutant) in HEK293 cells plated in six-well plates using calcium phosphate method. Total RNA was extracted 48 h after transfection and 1 g was then used for reverse transcription reaction using Oligo(dT) and M-MuLV Reverse Transcriptase RNaseH − (Finnzyme R ). One-tenth of the resulting cDNA was used for PCR amplification using a vector specific forward primer (pCI-fwd: 5 -GGTGTCCACTCCCAGTTCAA-3 ) and an SMN2 specific reverse primer (SMNex8-rev: 5 -GCCTCACCACCGTGCTGG-3 ). PCR products were then resolved on a 2% agarose gel. Same results were obtained when using 32 P labeled SMNex8-rev primer and resolving the PCR products on a 4% polyacrylamide gel. The bands corresponding to the products of the splicing reaction were then quantified using ImageQuant. Experiments were repeated independently three times allowing the calculation of the mean and standard deviation for each assay.
Gel shift assay
The RNA was dephosphorylated using Antarctic phosphatase (NEB) and rephosphorylated with T4 polynucleotide kinase (NEB) in the presence of ␥ -32 P ATP. The protein-RNA complexes were formed in the gel shift buffer. Tra2-␤1 protein amounts were similar to what was used previously (50) . Five femtomoles of labeled RNA were mixed with increasing amounts of protein in a final volume of 6 l and incubated for 30 min on ice. The resulting RNAprotein complexes were subsequently resolved on 6% native polyacrylamide gel at 4
• C.
RESULTS
Structure determination
We previously proposed a model suggesting that Tra2-␤1 could recruit hnRNP G to SMN2 exon 7 upstream of its 5 -AGAA-3 binding site (14) . Among all the RNA motifs proposed to interact specifically with hnRNP G (14, 20, 37) , only a 5 -CAA-3 sequence located upstream of the Tra2-␤1 binding site could be identified as a putative hnRNP G binding site ( Figure 1B ). As hnRNP G RRM was previously shown to be primarily responsible for the binding of the protein to RNA (37), we purified a recombinant protein containing the first 95 amino acids of human hn-RNP G ( Figure 1A ) fused to an N-terminal His-tag. We then tested its interaction with the 5 -AUCAAA-3 RNA sequence, which corresponds to its putative binding site on SMN2 exon 7 ( Figure 1B ). NMR titration of hnRNP G RRM with increasing amounts of this RNA showed that they interact together ( Figure 1C ). Saturation was reached at a stoichiometric ratio of 1:1 and the protein resonances experienced fast to intermediate exchange throughout the titration steps. Mapping of the chemical shift perturbations observed during this titration revealed that residues from the ␤-sheet and the C-terminal region were primarily affected upon RNA binding ( Figure 1D ). To characterize this interaction at the atomic level, we determined the structure of hnRNP G RRM bound to the 5 -AUCAAA-3 RNA using 2395 distance restraints derived from Nuclear Overhauser Effect (NOE) (Supplementary Table S1 ). The binding interface was characterized by 97 intermolecular NOEs (Supplementary Figure S1 and Table S1). The precision of the structure was high, with an Root-Mean-Square Deviation (RMSD) of 0.68Å for all heavy atoms of the twenty lowest energy conformations represented in the final ensemble ( Figure 2A) .
Structure of hnRNP G RRM in complex with RNA
The structure shows that the RRM adopts a canonical (51) with the RNA lying as a single strand on the ␤-sheet surface ( Figure 2B ). In addition to the ␤-sheet surface, the C-terminal region of the RRM participates directly in the interaction with the RNA. The strong H1 -H2 correlations observed in a 2D total correlation spectroscopy (TOCSY) experiment indicate that all riboses of the RNA adopt a C2 -endo conformation.
The three adenines located at the 3 end of the RNA sequence are contacted by the RRM, but only adenines 4 and 5 are specifically recognized ( Figure 2B ). The base of A 4 stacks on the ring of Phe11 located within the RNP2 motif and is specifically recognized by three hydrogen bonds (Figure 2C) . Two involve the side chains of Lys80 and Glu82 while the third one is formed with the backbone amide of Thr85 ( Figure 2C ). The base of A 4 adopts an unusual syn conformation, which is most likely induced by the presence of two aromatic groups located in the RNP1 motif, namely Phe51 and Phe53 ( Figure 2B and C) . In an anti conformation, the base would probably experience a steric clash with the rings of these aromatic residues. The base of A 5 is sandwiched between Phe53 located within the RNP1 motif and Pro87 from the C-terminal region and is specifically recognized by two hydrogen bonds formed with the side chain of Lys9 and the backbone carbonyl oxygen of Thr85 (Figure 2D) . Additional contacts that are not involved in the specific recognition of the adenines but rather stabilize the protein-RNA interactions are also observed. A hydrogen bond is formed between the backbone amide of Ser88 and the phosphate group of A 5 , and explains the downfield shift observed for the Ser88 amide proton upon RNA binding ( Figures 1C and 2D) . Moreover, Phe51 forms hydrophobic contacts with the riboses of A 4 and A 5 ( Figure 2C and D) . In contrast to A 4 and A 5 , A 6 is not specifically recognized as the base forms only hydrophobic contacts with Phe89 located in the C-terminal region of the RRM. Finally, the side chain of Arg49 primarily forms a hydrogen bond with the phosphate group of A 6 ( Figure 2B ). However, this side chain seems to be flexible as in some structures of the ensemble it rather forms a hydrogen bond with the phosphate group of A 5 .
To verify the importance of these interactions, we mutated to alanine most of the residues involved in RNA binding individually and tested the effect of these mutations on the RNA binding affinity of the RRM using ITC and NMR titrations. We verified by NMR that none of these point mutations affects the global fold of the RRM (Supplementary Figure S2) . In agreement with the structure, all the mutations tested significantly decreased the affinity of the domain for the 5 -AUCAAA-3 RNA (Supplementary Figures  S3C and S4B) . The ITC data could be fitted in the presence of the WT protein and an apparent equilibrium dissociation constant 'K d ' of 18 M was calculated from the curve (Supplementary Figure S3A) . In the presence of the protein mutants, the affinity becomes too low to allow the fitting of recorded ITC data and estimate a K d (Supplementary Figure S3C) . However, the decrease in affinity was unambiguously confirmed by NMR titrations performed with the K80A and F89A protein variants, as chemical shift perturbations were shorter and experienced fast instead of intermediate exchange (Supplementary Figure S4B) . A similar effect was observed when one or both of the specifically recognized adenines were mutated to cytosine (Supplementary Figures S3D and S5 ) strongly supporting the specific recognition of these two consecutive nucleotides by the RRM of hnRNP G. The importance of the non-specific interaction of hnRNP G RRM with the third nucleotide of the 5 -AAN-3 motif was also validated by the decrease in affinity observed with the 5 -AUCCAA-3 RNA, which still retains the two consecutive adenines but misses the last nucleotide ( Supplementary Figures S3D and S5 ). Finally, we tested the binding affinity of hnRNP G RRM for the 5 -UAAGAC-3 RNA, which contains flanking U and G nucleotides (underlined) instead of C and A in the WT sequence. In agreement with our structure, replacing the unbound cytosine by a uracil and the non-specifically recognized adenine by a guanine did not affect the RNA binding affinity of hn-RNP G (Supplementary Figures S3D and S4A) . Altogether, these data strongly support the intermolecular contacts observed in our structure and validate 5 -AAN-3 (N is for any nucleotide) as the minimal motif required for a sequencespecific interaction of hnRNP G RRM with RNA.
HnRNP G interacts specifically with SMN2 exon 7 using its RRM
HnRNP G was previously shown to be recruited by Tra2-␤1 to SMN2 exon 7 (12) . As several 5 -AAN-3 putative binding sites are present around the Tra2-␤1 binding site ( Figure 1B) , we investigated whether hnRNP G could interact specifically with these motifs. We co-transfected HEK 293 cells with plasmids that encode different versions of the hnRNP G protein and an SMN2 minigene containing exons 6-8 of SMN2 with the intermittent introns (16) . After RNA isolation, we monitored the levels of skipping or inclusion of exon 7 by RT-PCR. As previously reported (12), overexpression of hnRNP G full-length activated the inclusion of exon 7 from around 20% in the absence of ectopic hnRNP G expression to around 65% ( Figure 3A , lanes 1 and 2). Cell transfection with a truncated version of hn-RNP G lacking the RRM induced a strong decrease in exon 7 inclusion to only 35% ( Figure 3A, lane 3) , showing that this domain is required for the function of hnRNP G as a splicing regulator of SMN2. It strongly suggested that hn-RNP G interacts directly with the polyA tract located in exon 7 ( Figure 1B) . To determine whether this interaction was specific, we tested the effect of mutations in hnRNP G that affect its ability to recognize adenines on SMN2 exon 7 splicing. As shown in Figure 3A , all the mutations tested significantly decreased the level of exon 7 inclusion except the replacement of Phe53 with alanine, which had an effect only when combined with the Lys9 mutation to alanine ( Figure 3A, lanes 4-7) . The absence of effect observed with the F53A mutation can be explained by the fact that hn-RNP G is recruited to SMN2 by Tra2-␤1 (12) . Indeed, this inter-protein interaction could compensate for the decrease in RNA affinity induced by the single mutation. Finally, the effects observed for the F11A mutation and the K9A + F53A double mutation were very close to a full truncation of the RRM ( Figure 3A, lanes 3, 5 and 7) , indicating that the RRM of hnRNP G interacts with SMN2 specifically by recognizing two consecutive adenines.
HnRNP G binds an A-tract located upstream of the Tra2-␤1 binding site on SMN2 exon 7
As hnRNP G was shown to be recruited to SMN2 exon 7 by Tra2-␤1 (12), we examined sequences located on both sides of the Tra2-␤1 binding site and identified three regions containing at least two consecutive adenines, two upstream (A 11 -A 14 and A 17 -A 20 ) and one downstream (A 27 A 28 ) (Figure 1B) . Mutations of adenines to uracils in the regions A 11 -A 12 or A 17 -A 18 were previously tested and had a strong effect on SMN2 exon 7 splicing (14). We then tested the effect of the A 27 to U mutation, but could not detect any significant effect on exon 7 splicing when hnRNP G was overexpressed ( Figure 3B ). These results strongly suggest that hn-RNP G binds to the adenine-tracts located upstream of the Tra2-␤1 binding site rather than downstream ( Figure 1B ). To investigate whether hnRNP G RRM could bind to the A 17 -A 20 site without inducing any steric hindrance with the RNA bound Tra2-␤1 RRM, we first investigated by NMR the interaction of each of these two RRMs with the SMN2 exon 7 derived RNA 5 -U 15 CAAAAAGAAG 25 -3 ( Figure 1B ). This RNA sequence contains the motif 5 -AGAA-3 , which was previously identified as the Tra2-␤1 binding site (14) , and the closest upstream putative hnRNP G binding site 5 -AAA-3 ( Figure 1B ). As illustrated in Figure ing of Tra2-␤1 or hnRNP G RRM to the long RNA (5 -UCAAAAAGAAG-3 ) or to RNAs containing their single binding sites (5 -AAGAAC-3 and 5 -AUCAAA-3 for Tra2-␤1 and hnRNP G, respectively) were similar ( Figure  4A and B). This showed that both Tra2-␤1 and hnRNP G RRMs could interact with their expected binding sites (5 -AGAA-3 and 5 -AAN-3 , respectively) in the context of the long RNA. Surprisingly, our data also show that hnRNP G RRM binds to the long RNA with a higher affinity than the short RNA tested (K d of 0.6 M instead of 18 M) (Supplementary Figures S3A and S6B ). In agreement, some chemical shift perturbations had a larger magnitude or experienced an intermediate instead of fast exchange regime in the presence of the long RNA ( Figure 4A and B) . This difference in affinity is most likely the result of an avidity effect due to the presence of five overlapping 5 -AAN-3 motifs in the long RNA 5 -UCAAAAAGAAG-3 ( Figure 4B ), which could all be bound by hnRNP G in the absence of Tra2-␤1.
We then tested the binding of hnRNP G RRM to the complex formed by Tra2-␤1 RRM with the long 5 -UCAAAAAGAAG-3 RNA. At a Tra2-␤1:hnRNP G:RNA ratio of 1:1:1, chemical shifts correspond to the RNA-bound states of both proteins ( Figure 4C and Supplementary Figure S6A) , showing that Tra2-␤1 and hnRNP G RRMs could both be accommodated on a single RNA molecule containing their adjacent binding sites. In addition, the absence of additional chemical shift perturbations between spectra recorded in the presence of RNA bound to either each protein alone or to both proteins together indicates that the two RRMs do not interact together when they bind two adjacent binding sites ( Figure 4B and C) .
Surprisingly, the comparison of the bound state of hn-RNP G on the 5 -UCAAAAAGAAG-3 RNA in the presence and absence of Tra2-␤1 reveals that the chemical shift perturbations of hnRNP G are smaller when Tra2-␤1 is already bound to RNA (Figure 4B and C) . This decrease in the RNA binding affinity of hnRNP G can be explained by the reduction of the number of its binding sites available when Tra2-␤1 is bound to the 5 -AGAA-3 motif. Indeed, Tra2-␤1 occupies this motif with around 8-fold higher affinity (K d = 2.25 M) (14) than hnRNP G leaving only the first 5 -AAN-3 binding site available instead of five. However, upon binding to the 5 -UCAAAAAGAAG-3 RNA/Tra2-␤1 complex, the chemical shift perturbations of hnRNP G become shorter than the ones observed with the 5 -AUCAAA-3 RNA ( Figure 4A,C) . This effect is most likely due to the close proximity between the binding sites of hn-RNP G and Tra2-␤1, making the last 3 adenine inaccessible for hnRNP G.
To investigate whether this decrease in affinity could be compensated by hnRNP G/Tra2-␤1 interactions (12-14), we produced full-length versions of both proteins and tested their binding to the 5 -UCAAAAAGAAG-3 RNA using gel shift assays. As expected, we observe a shift corresponding to the binding of each single protein to RNA ( Figure  5A ). However, no additional shift was observed in the presence of the two proteins ( Figure 5A ). It indicates that the A 17 -A 20 tract is not the binding site used by hnRNP G in the presence of Tra2-␤1.
We then investigated the importance of the most upstream A-tract (A 11 -A 14 ) by testing the binding of the fulllength proteins to an extended SMN2 derived RNA 5 -GAGACA 11 AAA 14 UCAAAAAGAAG 25-3 . As illustrated in the Figure 5B , a shift was observed in the presence of individual proteins and an upper-band appeared when the two proteins were added together, indicating that both proteins could be accommodated on the RNA ( Figure 5B ). In addition, an NMR titration performed with this RNA shows that in the presence of bound Tra2-␤1 RRM, the affinity of hnRNP G RRM is similar to what was observed with the short 5 -AUCAAA-3 RNA (Figure 4A and D) and not reduced as in the presence of the shorter 5 -UCAAAAAGAAG-3 sequence ( Figure 4C ). All together, these results suggest that hnRNP G binds to the A 11 -A 14 site on SMN2 exon 7, when Tra2-␤1 is bound to the A 21 GAA 24 motif.
Several domains of hnRNP G are important for the activation of SMN2 exon 7 inclusion
Our results reveal that hnRNP G has a weak RNA binding specificity and affinity, emphasizing the importance of its recruitment by Tra2-␤1 to SMN2 pre-mRNA. It was previously reported that the CTD part of hnRNP G is responsible for its interaction with Tra2-␤1 (12) ( Figure 1A ). In particular, the C-RBD seemed to be important for this interaction as truncation of the last 41 amino acids significantly decreases hnRNP G affinity for Tra2-␤1 without affecting its SMN2 binding capacity (12) . In agreement with the functional importance of this domain, full truncation of hnRNP G C-RBD ( C57) strongly decreased the percentage of exon 7 inclusion in SMN2 mRNAs from 65 to 30% ( Figure 3A, lane 8) . Previous reports suggested that hnRNP G/Tra2-␤1 interaction could be mediated by the SRGY motif and several RS repeats located in the CTD of hnRNP G with one of the RS domains of Tra2-␤1 (14, 35) . However, mutation of all RS repeats located in the C-RBD and/or the SRGY motif ( Figure 1A ) to alanines did not induce significant reduction of exon 7 inclusion indicating that these motifs are not crucial for hnRNP G recruitment to SMN2 ( Figure 3A, lanes 9-11) .
To investigate whether additional parts of hnRNP G were involved in SMN2 exon 7 splicing, we tested the importance of the central region separating its RNA binding site (RRM) from its Tra2-␤1 binding site (the CTD). We progressively truncated the central region of hnRNP G keeping the RRM fused to the last 207 ( 95-184), 156 ( 95-235) or 141 ( 95-250) amino acids and tested the effect of these truncated proteins on SMN2 exon 7 splicing in cells. Unexpectedly, truncation of only 89 amino acids in this region of hnRNP G resulted in a strong decrease of SMN2 exon 7 inclusion (Figure 6 ). Interestingly, this region contains an RGG box ( Figure 1A) , which, to our knowledge, was not reported before to be important for the function of hnRNP G in SMN2 exon 7 splicing.
To investigate whether the RGG box could be involved in SMN2 exon 7 recognition, we produced a version of hnRNP G that contains both the RRM and the RGG box (residues 1-127) and tested its interaction with the 5 -AUCAAA-3 RNA. As illustrated in Supplementary Figure S7 , the same residues of the RRM are involved in RNA binding with and without the RGG box ( Figure 1C and Supplementary Figure S7) indicating that the mode of RNA recognition of the RRM is the same. In addition, we tested whether the presence of the RGG box could modulate the specificity of RNA recognition of the RRM. As observed with the RRM alone, very small chemical shift perturbations were observed with the suboptimal 5 -AUCCCC-3 RNA sequence in the presence of the RGG box (Supplementary Figure S7 ). Finally, no chemical shift perturbation was detected from the RGG box in the presence of these two RNAs. These data show that the RGG box does not bind to the RNAs tested and does not change the specificity of interaction of hnRNP G RRM with RNA. In addition to the function of the RRM binding to RNA and the CTD interacting with Tra2-␤1, the central part of the protein may then play a role either as a spacer between the protein domains or as a functional entity of hnRNP G.
DISCUSSION
hnRNP G interacts specifically with two consecutive adenines
Our structure shows that hnRNP G RRM binds to a 5 -AAN-3 motif in which the two consecutive adenines are . Effect of truncations in the central part of hnRNP G on the splicing of SMN2 exon 7. Three truncations were performed in the region of hnRNP G located between its RRM and the CTD. The effect of these protein variants on SMN2 exon 7 splicing was then tested in cells using the same conditions as described in Figure 3. specifically recognized (Figure 2 ). This RNA binding specificity was validated in vitro using ITC and NMR measurements (Supplementary Figures S3, S4 and S5) and in cells by splicing assays (Figure 3 ). In agreement with our results, hnRNP G was proposed to bind specifically to the 5 -AAGU-3 RNA motif (20) . Our data can also explain the absence of specificity reported by Hofmann and Wirth (12) when they investigated the interaction of hnRNP G with SMN2 as they tested the binding of hnRNP G to long RNA sequences containing two consecutive adenines (12, 52) . In addition, we show that hnRNP G can bind the 5 -CCC-3 or 5 -CCA-3 motifs selected by SELEX (37) (Supplementary Figures S3D and S5) . However, our structure suggests that they would not be accommodated by the RRM as well as the 5 -AAN-3 motif (37) . Indeed, a cytosine replacing the first recognized adenine would probably fail to form the same hydrogen bond network, as the smaller cytosine base would then be more distant from the side chains of Lys80 and Glu82 ( Figure 2C ). Similarly, a cytosine located in the second pocket would be further away from the Lys9 side chain preventing the formation of the hydrogen bond observed in the presence of an adenine ( Figure 2D ). In agreement with these predictions, our ITC and NMR data showed that the affinity of hnRNP G RRM for the 5 -AUCCCC-3 and 5 -AUCCCA-3 RNA sequences is lower than for 5 -AAN-3 containing RNAs ( Supplementary Figures S3D and S5) . Moreover, having the SELEX motif 5 to the 5 -AAN-3 sequence (5 -ACCAAA-3 RNA) does not improve the RNA binding affinity (Supplementary Figure  S5) . In conclusion, we show that hnRNP G binds preferentially 5 -AAN-3 motifs, but can also accommodate 5 -CCC-3 and 5 -CCA-3 motifs.
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hnRNP G and its paralogues have different RNA specificities
The mode of RNA recognition of hnRNP G RRM is reminiscent of what was observed in the structure of its paralogue in testis, RBMY (38) as the two consecutive adenines are recognized in a fairly similar manner (Supplementary Figure S8A) . However, their modes of interaction are not identical. RBMY was shown to interact with a stem-loop RNA by insertion of its ␤ 2 -␤ 3 loop in the major grove of the RNA helix, whereas hnRNP G binds only single-stranded RNA (38) . hnRNP G was previously shown not to interact with a stem because the sequence of its ␤ 2 -␤ 3 loop is different. An additional glutamate is inserted between Arg43 and Thr44, and Ser45 is replaced with an asparagin (38) .
The binding of RBMY to a stem-loop RNA partially explains some of the other differences observed between the two RNA-protein complexes. The involvement of G 14 in the first base pair of the stem prevents the base from being available to contact Phe88 located in the C-terminal region of RBMY RRM (Supplementary Figure S8A and B) . Formation of this corresponding interaction in hnRNP G, between A 6 and Phe89 maintains the C-terminal region of the protein in a position that allows the formation of a hydrogen bond between the backbone amide of Ser88 and the phosphate of A 5 , which could not be observed in the case of RBMY (Supplementary Figure S8A) . Although these interactions are unspecific, they contribute to the RNA binding affinity of hnRNP G. This could compensate, even partially, for the inability of this protein to interact with the stem of a stem-loop RNA.
Another major difference is the absence of interaction between hnRNP G and the cytosine located 5 to the two recognized adenines, contrary to what was observed with RBMY (Supplementary Figure S8A) . Indeed, no intermolecular NOEs were observed between the cytosine and any of the hnRNP G RRM residues, suggesting that this nucleotide stays flexible (Supplementary Figure S8A) . This was surprising because most residues involved in the recognition of the cytosine are conserved in both proteins (Supplementary Figure S9 ). This difference may originate from two interactions observed in RBMY involving Arg17 and Arg48, which form hydrogen bonds with the phosphate group of C 11 and A 12 , respectively (Supplementary Figure  S8A) . These two hydrogen bonds possibly stabilize the cytosine by paying the entropic cost required for positioning the nucleotide. In hnRNP G, Arg17 is replaced by a threonine and Arg49 (the equivalent of Arg48 in RBMY) is not restrained by the interaction with the stem and therefore is oriented differently to interact with the phosphate groups of A 6 or A 5 (Supplementary Figure S8A) . As a consequence of the flexibility of C 3 base, the side chain of Lys80 becomes available in hnRNP G to form a hydrogen bond with the base of A 4 pulling the base downwards and preventing the formation of the hydrogen bond observed in RBMY with the backbone carbonyl oxygen of Gln83 (Supplementary Figure S8A) .
In conclusion, our data show that hnRNP G and RBMY use a similar but distinct mode of interaction with RNA. hn-RNP G-T, another paralogue of hnRNP G found in testis, was reported to interact with 5 -GUU-3 containing RNAs (53), a sequence that is different from what was reported for RBMY (38) and what we report here for hnRNP G. All these results strongly suggest that in testis hnRNP G, hn-RNP G-T and RBMY may regulate splicing by interacting with different RNA sequences and structures.
The RRM, an important domain for the function of hnRNP G
Although the contribution of hnRNP G RRM was in some cases reported to be negligible for its activity as a splicing regulator (35, 53) , our results show that RNA recognition by hnRNP G RRM is important for the activation of SMN2 exon 7 inclusion ( Figure 3A) . RRM truncation and mutation of residues involved in the recognition of two consecutive adenines significantly reduced the splicing activity of hnRNP G ( Figure 3A) . It strongly suggests that the specific interaction of hnRNP G with SMN2 exon 7 contributes to the selective recruitment of the Tra2-␤1/hnRNP G heterodimer to RNA. It then extends the initial recognition of a short 5 -AGAA-3 motif by Tra2-␤1 to the longer sequence 5 -AAAANNNNNNAGAA-3 (the binding sites of hnRNP G and Tra2-␤1 are underlined). In addition, the weak specificity of interaction of hnRNP G with RNA allows its binding to different registers on the A-rich sequences present upstream of Tra2-␤1 binding site. It increases its RNA binding affinity locally ( Figure 4B ) and probably facilitates the recruitment of the hnRNP G/Tra2-␤1 heterodimer at this position before to restrict hnRNP G interaction with the A 11 -A 14 tract. The enhancement of weak protein-RNA interactions by the repetition of several consecutive binding motifs was previously reported (54) and was observed in the context of PTB binding to pyrimidine tracts (55) .
Interestingly, the RRM was also shown to be important for the function of hnRNP G as a tumor suppressor. Two point mutations of residues located in this domain, namely K22R and G29D were reported to affect the tumor suppressive activity of hnRNP G (26, 56) . Surprisingly, these residues are not located on the RNA binding surface of the domain. They are both in the ␣ 1 helix, an element that could rather be involved in intra or inter protein-protein interactions as reported for the human SR protein SRSF1 (57, 58) . It shows that the RRM is an important domain of the protein that contributes to hnRNP G functions using different modes of action.
Tra2-␤1 and hnRNP G, a simultaneous versus competitive binding to RNA
It was previously reported that hnRNP G and Tra2-␤1 sometimes have opposite effects on splicing (20) . hnRNP G can sequester Tra2-␤1 and other SR proteins preventing their access to RNA and thereby their activity on splicing (35, 53) (Figure 7A) . Alternatively, hnRNP G and Tra2-␤1 could also antagonize the binding of each other to RNA (20) (Figure 7A ). This later mode of action would explain the opposite effects observed for these two proteins on endometrial cancer progression (59) . As illustrated in Figure 4C , we also observed a competition between these two proteins when both Tra2-␤1 and hnRNP G RRMs are bound to the SMN2 derived 5 -UCAAAAAGAAG-3 RNA. In that case, the binding of Tra2-␤1 restricted (14) . hnRNP G, Tra2-␤1 and SRSF9 are represented in blue, red and green, respectively. The model shows interaction of hnRNP G with the binding site identified in this study, using its RRM and positioning the CTD toward the 3 end of the bound RNA. Tra2-␤1 RRM binds to its previously identified binding site located downstream positioning its N-terminal RS1 domain toward the 5 end of the bound RNA (14) . This RNA binding induced proximity between the RS1 domain of Tra2-␤1 and the CTD of hnRNP G probably favors their interaction. The RS2 domain of Tra2-␤1 is positioned toward the 3 end of the bound RNA and may interact with the RS domain of SRSF9 (14) .
the binding of hnRNP G to the first 5 -AAN-3 motif instead of the five overlapping registers it could utilize in the absence of Tra2-␤1. Our data reveal that this effect is due to overlapping of the motif 5 -AAN-3 bound by hnRNP G with the previously identified motif 5 -AGAA-3 recognized by Tra2-␤1 (14,15) ( Figure 7A ) and by the 8-fold higher affinity of Tra2-␤1 for its binding site on SMN2 (14) . Finally, we demonstrate here that Tra2-␤1 and hnRNP G can bind together a single RNA molecule that contains their recognition motifs adjacent to each other ( Figure 7B ) as shown with the long SMN2 derived 5 -GAGACAAAAUCAAAAAGAAG-3 RNA sequence ( Figures 4D and 5B) . We also show that a spacing between the two binding sites is necessary, most likely to allow protein-protein interactions between these two partners. Altogether, these data indicate that Tra2-␤1 and hn-RNP G can either compete for binding to RNA or interact simultaneously depending on the targeted RNA sequence.
The mode of action of Tra2-␤1 and hnRNP G as activators of SMN2 exon 7 splicing
Our data support a specific recognition of the SMN2 premRNA by hnRNP G and Tra2-␤1 (Figures 3-5) . We propose that the presence of several 5 -AAN-3 motifs upstream of the Tra2-␤1 binding site facilitates the recruitment of hnRNP G to SMN2 by Tra2-␤1 and therefore increases the specificity and affinity of exon 7 recognition by the heterodimer ( Figure 7B ). Our structure shows that the C-terminal region of hnRNP G RRM positions the CTD downstream of the hnRNP G binding site (Figures 2B and  7B ). In agreement with our data, the CTD was previously shown to be responsible for hnRNP G interaction with Tra2-␤1 (12) . The mode of interaction of hnRNP G with Tra2-␤1 still needs to be characterized but seems not to occur via the RS repeats located in the CTD of hnRNP G ( Figure 3A) . In addition, our data suggest that this Tra2-␤1/hnRNP G interaction could partially compensate for the loss of hnRNP G binding to SMN2. Indeed, mutations in hnRNP G RRM that significantly decrease its binding to RNA or even a full truncation of the RRM had only a moderate effect on SMN2 exon 7 splicing ( Figure 3A ). In conclusion, we propose that Tra2-␤1 anchors the binding of the heterodimer by positioning and stabilizing hn-RNP G binding to RNA, which in turn increases the affinity and specificity of recognition of SMN2 exon 7 by interacting with the A-tracts located upstream of the Tra2-␤1 binding site ( Figure 7B) . Interestingly, the 5 -AAN-3 motif was found within eight nucleotides upstream and/or downstream of 85% of potential Tra2-␤1 binding sites selected by CLIP (60) , strongly suggesting that this mode of Tra2-␤1 and hnRNP G assembly on RNA could be more widely used.
Although we better understand the assembly of these factors on SMN2 exon 7, their modes of regulation of exon 7 splicing still need to be characterized. Interestingly, the two proteins, Tra2-␤1 and hnRNP G were identified as part of the supraspliceosome (61) . One or both of these factors could then play a role in the spliceosome recruitment or assembly by inducing protein-protein interactions. At least two domains of hnRNP G would still be available for spliceosome recruitment. The NTD located in the central region of hnRNP G was shown to be responsible for the interaction of hnRNP G with other proteins (36) . In addition, we showed that the region of hnRNP G located between the RRM and the NTD ( Figure 1A ) was important for the splicing of SMN2 exon 7 ( Figure 6 ). This part of the protein contains an RGG box, which could mediate additional protein interactions. Tra2-␤1 could also contribute to exon 7 splicing activation by promoting the recruitment of spliceosome components through one or both of its RS domains. Finally, the SR protein SRSF9 (SRp30c), which is also part of the supraspliceosome (61), was proposed to be recruited to SMN2 exon 7 by Tra2-␤1 (62) . SRSF9 could therefore be involved as well in the recruitment of the spliceosome using its C-terminal RS domain. Further investigation is now
